Introduction
Peripartum cardiomyopathy (PPCM) is associated with severe heart failure and has an incidence of 1 : 2289-4000 life-births in the USA, 1 1 : 1000 in South Africa 2 , and 1 : 299 in Haiti. 3 Maternal mortality and normalization of left ventricular (LV) ejection fraction occurs only rarely with high incidence of developing heart failure despite therapy. 1 -3 Transgenic mice defective in STAT3 involved in protection from oxidative stress develop PPCM. 4, 5 Consecutive lack of anti-oxidative enzymes, protective in the postnatal heart, induces increased oxidative stress which in turn enhances cathepsin-D (CD) activity leading to proteolytic cleavage of prolactin (PRL) into its detrimental 16 kDa form producing endothelial cell apoptosis, capillary dissociation, and vasoconstriction. 4 Inhibition of PRL with bromocriptine prevented the formation of a PPCM in animal models 6, 7 and led to improvement of LV function in patients. 6 However, diagnosis of PPCM is often missed at early stages of the life-threatening disease and a marker as diagnostic test is lacking to early initiate this potentially life-saving therapy.
Disruption of endothelial integrity is well known to represent a crucial event in the initiation and development of cardiovascular diseases. 8, 9 It is now well established that microparticles (MPs), vesicles released from cellular membranes during cell activation/ apoptosis, 10 may play a pivotal role as bioactive molecules. 11 -16 Endothelial MPs (EMPs) could directly demonstrate endothelial damage in PPCM. Furthermore, platelet-derived (PMPs), 17 monocyte-derived (MMPs) and leucocyte-derived MPs (LMPs) 18 could indicate the subsequent detrimental events like clot formation and inflammatory activation. 15, 17, 18 In previous studies, MPs have been suggested to be a sign of severity in preeclampsia 19 and MPs gained from women with preeclampsia furthermore elicit an intense vascular wall inflammation. 20 We speculated that a typical MP profile could be of diagnostic importance in PPCM. Therefore, we investigated circulating MPs in PPCM in comparison to patients with known cardiovascular disease, such as acute heart failure with ischaemic cardiomyopathy (ICM) and stable coronary heart disease (CAD), on the one hand, and to healthy post-partum (PPCTR) and healthy pregnant (PCTR) women, on the other hand, in order to distinguish between physiological changes during pregnancy and post-partum. Besides this MPs were compared with non-pregnant (NPCTR) women as healthy age-matched controls.
Methods
Blood samples were obtained from PPCM patients (NYHA functional class III or IV) treated in line with the German registry for PPCM. As controls, age-matched post-partum women (PPCTR) were enclosed in Hannover, Germany. Age-and pregnancy-matched healthy women (PCTR), healthy non-pregnant women (NPCTR), participants with symptomatic ICM with clinical signs of heart failure (ICM), stable coronary artery disease (CAD) and age-matched to ICM and CAD healthy controls (HCTR) were included in Homburg, Germany. In total, all 20 patients in the bromocriptine-study were included at the Chris Hani Baragwanath Hospital. Patients were referred from local clinics, secondary hospitals, and the Department of Obstetrics at the Chris Hani Baragwanath Hospital. All patients were included and randomized with a computer-generated randomization list (blinded) within 24 h of diagnosis. All patients received treatment with the same heart failure therapy (furosemide and enalapril). The 10 patients randomized to standard therapy (PPCM-BRCTR group) were treated as outlined above. The 10 patients randomized to standard therapy plus bromocriptine (PPCM-BR) received bromocriptine 2.5 twice daily for 2 weeks followed by 2.5 mg daily for 6 weeks in addition to standard heart failure therapy. After informed consent, 10 mL peripheral venous blood was sampled from each of the 158 enrolled subjects. Measurements considered one point of time and no comparison to a follow-up. Microparticles were isolated from women with PPCM (n ¼ 24, aged 33 + 7 years, fractional shortening (FS) 13 + 5%), age-matched PPCTR (n ¼ 18, aged 30 + 7 years), PCTR (n ¼ 18, aged 31 + 6 years, FS: 37 + 2%), age-matched healthy NPCTR (n ¼ 19, aged 30 + 7 years, FS: 35 + 4%), patients with ICM (n ¼ 17, aged 71 + 8 years, FS: 23 + 3%) and CAD (n ¼ 20, aged 71 + 8 years, FS: 31 + 3%) and age-matched HCTR (n ¼ 22, aged 71 + 7 years, FS: 38 + 7%). In the subsequent investigation, patients with PPCM from South Africa were enclosed for the analysis of MPs in patients with or without bromocriptine therapy administered immediately after delivery (with therapy: PPCM-BR, n ¼ 10, aged 24 + 6 years, ejection fraction (EF) 27 + 8%, without bromocriptine therapy: PPCM-BRCTR, n ¼ 10, aged 28 + 10 years, EF: 26 + 8%). Demographic and clinical data are summarized in Table 1 . The study was approved by the appropriate ethics committee. All patients gave written informed consent to include their data in the study.
Isolation of microparticles
Isolation of the MPs was performed using one unique protocol in our laboratory only in order to rule out variations in pre-analytic procedures. Whole blood in EDTA (5 mL) of all samples was centrifuged at 1.500 g for 15 min to prepare platelet-rich plasma, centrifuged again for 2 min at 13.000 g to obtain platelet-poor plasma within 30 min of blood sampling, and stored at 2208C for 1 week and afterwards at 2808C until analysis. Before storage, aliquots of 125 mL platelet-free plasma and 25 mL platelet-enriched plasma sample sizes were assembled. Analysis was always performed after 28 -35 days to minimize differences due to different long period of thawing time. 36, 37 Total 125 mL of platelet-poor plasma was partitioned into five tubes (25 mL each). On with fluorescent monoclonal antibodies (2 mL each): phycoerythrin (PE)-labelled anti-CD31 (BD Biosciences, San Jose, CA, USA), fluorescein isothiocyanate-labelled (FITC) anti-CD144 (R&D, Minneapolis, MN, USA), FITC-labelled anti-CD62E (BD Biosciences), FITC-labelled anti-CD14 (BD Biosciences), PE-labelled anti-CD45 (BD Biosciences), and allophycocyanin-labelled AnnexinV (BD Biosciences). Plateletderived microparticles were analysed in platelet-rich plasma by incubation with FITC-labelled anti-CD62P, and allophycocyanin-labelled AnnexinV (all BD Biosciences). The samples were incubated at room temperature for 30 min with gentle shaking (orbital shaker, 1500 g). Phosphate-buffered saline buffer (0.20 mm filtered for reducing background noise 23 ) was added to make the total volume 1 mL, and the samples were then analysed on flow cytometer (FACS Calibur, BD Biosciences) and Cell Quest Pro software to detect fluorescence, forward, and sideward scatter. For exact delineation of CD31-positive EMPs and not platelet-derived CD31-positive MPs, CD42b-negative MPs were analysed in platelet-free plasma. For definition of pure EMPs, CD144 was chosen additionally, as this marker is selectively expressed on endothelial cells. 24 For distinguishing between activation and apoptosis in terms of EMP generation, CD62E and CD31 have been chosen. It is known that EMPs expressing constitutive markers, such as CD31, are markedly increased in apoptosis, whereas those expressing inducible markers, such as CD62E, are increased in activation. 10 Therefore, phenotypic assessment of EMPs could provide relevant information reflecting the nature of endothelial injury. Markers of endothelial and platelet activation have been reported to be elevated in patients with congestive heart failure. 11 -13 As some of these markers provided prognostic information independent of LV ejection fraction, we evaluated in our measurements whether one of these EMP subsets could be identified as specific biomarker for PPCM.
Flow cytometry
Microbeads from an FACS size-calibration kit (LB-30, Sigma, Munic) were used for size calibration. Logarithmic scale was implemented for forward scatter signal, side scatter signal, and each fluorescent channel. Non-stained samples and isotype controls were used to discriminate true events from background noise, and to increase the specificity for MP detection. An isotype control antibody was used as a negative control in all measurements and subtracted from MP counts. In all our measurements, non-specific binding was accounted for less than 7% of total MPs. Endothelial microparticles smaller than 1 mm were quantified in subpopulations, that is, CD31 + CD144 + AV + , CD31 + CD144 + AV 2 , CD31 + AV + , CD31 + CD42b 2 AV + , and CD62E + MPs. Both CD31 and CD144 are considered endothelial markers but CD144 is known to be a more endothelial-specific marker as CD31 is also expressed on platelets. Therefore, double-positive MPs for CD31 and CD144 were defined as most specific EMPs. Expression of constitutive markers, such as CD31, are markedly increased in apoptosis, whereas those expressing inducible markers, such as CD62E, are increased in activation. For distinguishing between apoptotic and activated EMPs the ratio CD62E/CD31 was calculated. 17 As previously described 10 and since then controversially discussed, that only a small proportion of MPs in reality bound annexin V, both subsets have been analysed, CD31 + CD144 + AV + and CD31 + CD144 + AV 2 EMPs. Platelet-derived microparticles smaller than 1 mm were quantified in a specific population of CD42b + CD62P + AV + MPs. Values were reported as counts in 1 mL platelet-poor or platelet-rich plasma (counts/500 000 events). MPs and calibrator beads (CAL) (10 mm diameter) were visualized in a forward light scatter (FSC) and sideangle scatter (SSC) as shown in Figure 1 . MPs were defined as events (size 0.1 -1 mm, R1) and then plotted in the 'R2' window (upper left) on an FL/FSC fluorescence dot plot to determinate positively labelled MPs by specific antibodies. Microparticles concentration was assessed by comparison to flowcount calibrator beads. Events beyond the gated MPs representing background noise due to logarithmic measurements were excluded in counts. Laboratory personnel who performed the blood assays were unaware of any subject's clinical or laboratory data.
Statistical analysis
Data are expressed as mean + standard error of the mean (SEM). Continuous variables were tested for normal distribution with the Kolmogorov -Smirnov test and compared using a two-way ANOVA test, followed by a two-sided Bonferroni post hoc testing. Tests for equal variance normality were performed using the Levene Median test. A P-value of ,0.05 was considered statistically significant. Assumptions of normality and equal variance were automatically tested using the statistic programme. Normal distribution of the parameters (NT-pro-BNP, CRP) was tested here using a Kolmogorov -Smirnov test. Both parameters showed normal distribution which is why they are reported as mean + SD. Statistical analyses were performed using SigmaStat version 3.5. All data analyses and event classifications were performed by investigators blinded to the MP status of the patients and controls.
Results

Baseline data
Baseline data of the 158 study patients are given in Table 1 . FACS-analysis, as shown in Figure 1 with representative dot plots, could be performed in all 158 samples. Peripartum cardiomyopathy patients, PPCTR, PCTR, and NPCTR in one group and PPCM-BR and PPCM-BRCTR in another group were age-matched. Controls had normal LV fractional shortening and diameters without any differences between the groups. Patients with CAD, ICM (CAD plus chronic heart failure) as well as age-matched older controls (HCTR) were older but also age-and gendermatched within their groups. In ICM, patients impairment in ejection fraction was similar to PPCM patients.
Microparticles
Microparticles of all cell-origin, except for leucocyte MPs (LMPs), were found consistently and strongly elevated in PPCM patients compared with the other in this study included six groups.
Endothelial microparticles
In detail, total number EMPs (CD144 + ) were robustly elevated (P , 0.001) in PPCM compared with healthy post-partum, pregnant, non-pregnant, and controls (PPCTR, PCTR, NPCTR, and HPCTR) as well as compared with patients with ICM or with CAD ( Figure 2A and Table 2 ). In pregnancy itself (PPCTR and PCTR), EMPs were increased to values similar to ICM or CAD, while the numbers of EMPs were significantly lower in PPCTR, NPCTR, and HCTR at older age (Figure 2A and Table 2 ). A subgroup of EMPs, double-positive for CD144 and CD31-staining showed legally a significant increase in PPCM ( Table 2) , but at lower levels in total. As shown in Figure 2B , activated EMPs (CD62E + ) were significantly increased in PPCM (P , 0.001, Table 2 ). In contrast, apoptotic EMPs (CD31 + AV + ) were elevated in PPCM and PCTR compared with age-matched PPCTR and NPCTR, whereas they were higher in patients with ICM and CAD compared with PPCTR, NPCTR, and HCTR (P ¼ 0.002; Figure 2C and Table 2 ). Apoptotic and activated EMPs were nearly the same in pregnant healthy women ( Figure 2B and C and Table 2 ). Therefore, the increase in EMPs in PPCM is mainly due to an increase in activated EMPs, which is reflected in a higher CD62E/CD31 ratio ( Table 3 ). In PPCM, the ratio is almost threefold, which increases following treatment with bromocriptine. A further EMP-subpopulation (CD31 + CD144 + AV 2 ) revealed no alteration in all groups.
Platelet-derived microparticles
Platelet-derived microparticles (CD62P + CD42b + AnnexinV + ) were detectable at significantly higher levels in PPCM than in healthy post-partum, pregnant, non-pregnant, and controls (PPCTR, PCTR, NPCTR, and HCTR) and in patients with CAD (P , 0.001; Figure 2D and Table 2 ). Activated PMPs were significantly increased in PPCM compared with PPCTR (P , 0.001), to PCTR (P , 0.001), to NPCTR (P , 0.001), to ICM (P , 0.001), and to CAD (P , 0.001, all shown in Figure 2E and Table 2 ). Apoptotic PMPs were significantly altered in comparison with PCTR (P ¼ 0.004), with PPCTR (P ¼ 0.003), with NPCTR (P , 0.001), ICM (P ¼ 0.015), and CAD (P ¼ 0.003), as demonstrated in Figure 2F and in Table 2 . Apoptotic PMPs in PPCM were not significantly increased compared with HCTR (P ¼ 0.430; Figure 2F and Table 2 ).
Monocyte microparticles and leucocyte microparticles
Monocyte microparticles (CD14 + AnnexinV + ) were significantly increased in PPCM compared with all other groups (P , 0.001; Figure 2G and Table 2 ). Leucocyte microparticles, CD45 +-AnnexinV + , were significantly increased compared with PPCTR (P , 0.001) but not significantly augmented compared with the other groups. In contrast, they were increased in ICM compared with CAD (P ¼ 0.012) and HCTRs (P ¼ 0.003; Figure 2H ).
Endothelial microparticles and platelet-derived microparticles after ablaction with bromocriptine
Peripartum cardiomyopathy patients treated with bromocriptine showed significantly improved LV ejection fraction and heart failure symptoms. 7 Importantly, in these patients, EMPs were significantly decreased compared with PPCM patients with standard heart failure therapy only (P , 0.001; Figure 3 and Table 2 ). Beyond this, PMPs were significantly decreased in patients treated with bromocriptine (P , 0.001; Figure 3 and Table 2 ) in contrast to patients with PPCM and only receiving heart failure therapy.
Discussion
This study demonstrates for the first time that endothelial and platelet MPs isolated from peripheral blood are specifically elevated in patients with PPCM compared with pregnant, postpartum, and non-pregnant female controls next to patients with known vascular disease such as ICM and stable CAD. Microparticle expression profiles differentiated PPCM patients from cardiomyopathies of cardiovascular causes such as ICM. Therapeutic intervention using bromocriptine decreased levels of EMPs in these patients.
Peripartum cardiomyopathy is a rare and life threatening cardiomyopathy affecting young women during pregnancy or early in puerperium. 3 -7,25 -29 Associations with myocarditis 30 or rare mutations of familiar cardiomyopathies 31 were reported and genetic backgrounds appeared to be involved. 32, 33 Recently, it was discovered that an antiangiogenic and proapoptotic 16 kDa cleavage protein from the nursing hormone PRL is involved in the specific pathophysiological mechanism of PPCM. 4, 6 This Figure 2 Circulating microparticles (MP) in patients with peripartal cardiomyopathy (PPCM) compared with age-matched post-partum (PPCTR), healthy pregnant (PCTR) and healthy non-pregnant women, patients with ICM, stable CAD, and age-matched healthy controls (HCTR). (A) Endothelial microparticles (EMPs) were significantly increased in PPCM in contrast to PPCTR, PCTR, NPCTR, and ICM (P , 0.001) and patients with stable CAD (P , 0.003). Endothelial microparticle levels were not different in ICM and CAD, but significantly elevated in contrast to healthy age-matched controls without CAD (P , 0.004). (B and C) CD62E-positive EMPs represent activated EMPs, whereas CD31/AV-positive EMPs imply apoptotic EMPs. Activated EMPS were significantly higher detectable than apoptotic EMPs in PPCM than in all other groups (P , 0.001). In pregnant healthy controls, apoptotic and activated EMPs were measurable to the same extent. (D) PMPs were significantly increased in patients with PPCM in contrast to PCTR, NPCTR, ICM, CAD, and HCTR (P , 0.001). (E and F) CD62P-positive PMPs represent activated PMPs whereas CD42b-AV-positive PMPs imply apoptotic PMPs. Activated PMPs were significantly higher detectable than apoptotic PMPs in PPCM than in pregnant (P , 0.005) or non-pregnant healthy controls (P , 0.001). In PCTR significantly higher levels of activated PMPs could be identified than in PPCTR and NPCTR controls whereas measurements of apoptotic PMPs showed the same levels in these three groups. discovery was made in mice with a cardiac-specific deletion of the signal transducer and activator of transcription-3 (STAT 3) which triggers the activation of CD, an ubiquitous lysosomal enzyme that cleaves 32 kDa PRL into its toxic 16 kDa form producing endothelial damage and inflammation with subsequent myocardial dysfunction and heart failure. The pathomechanism of PPCM is centred on endothelial cell damage, inflammation, and oxidative stress. 4, 6 Markers associated with these processes like apoptotic and activated EMPs as well as PMPs and to a lesser extent MMPs were elevated in the present study. These findings mirror the pathophysiology of endothelial cell damage followed by platelet activation and inflammation. The observed MP pattern in peripheral blood clearly dissociates PPCM from normal pregnancy, CAD and also CAD with heart failure (ICM). Furthermore, there were no differences in young non-pregnant women and elderly nondiseased individuals indicating that age does not significantly contribute to this finding. Therefore, it is shown that the MP profile, in particular EMPs and PMPs, indicate specific markers for PPCM.
With the discovery of the pathomechanism, a therapeutic target for PPCM has been identified. Inhibition of PRL secretion by bromocriptine has been shown to reduce cardiovascular events like death, 34 severe heart failure and the decline of ejection fraction. 6, 7, 34, 35 Therefore, a marker enabling early detection of PPCM and to distinguish it from other changes of pregnancy like fluid overload with peripheral oedema, shortness of breath and alteration of end-diastolic volumes is needed for early diagnosis and treatment of this devastating condition, which is a major problem both in the US and in developing countries such as South Africa or Haiti. 36, 37 Previously, markers have been shown to be activated in PPCM. 38 However, markers like brain natriuretic peptides, Apo-1, Fas-Apo-1, TNFa, and CRP are not able to distinguish PPCM from pre-existing cardiomyopathy, which is not responsive to inhibition of PRL secretion with bromocriptine. 6, 7, 38 An early specific diagnosis of PCCM is essential for the initiation of life-saving treatments like inhibition of PRL with bromocriptine, whose effect is also mirrored by the MP profile. Therefore, cellular . . .. .. . .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. . .. . . ... ... ... ... ... .. ... ... ... ... .. ... ... ... ... .. .. .. . .. . .. . .. .. . .. . .. . .. . .. .. . .. . .. . .. .. . .. . . . .. . .. .. . .. . .. . .. . .. . .. .. . .. . .. . .. . .. .. . .. . .. . ..   .... .... ..... ..... ..... .... ..... ..... ..... ..... .... ..... ..... ..... .... ..... ..... ..... .... ..... ..... ..... .... ..... ..... ..... .... ..... ..... ..... .... ..... ..... ..... ..... .... ..... ..... ..... .... ..... ..... ..... .... ..... ..... ..... .... ..... ... markers which specifically reflect the pathophysiological events involved in PPCM as reported here providing a pattern which might be helpful to early diagnose this condition and to pave the way for early treatment. We were able to study patients in whom bromocriptine was used to block the nursing hormone PRL. Endothelial microparticles were significantly decreased in PPCM treated with bromocriptine compared with patients with PPCM with only heart failure therapy. This pronounced decline of EMPs adds to the pathophysiological concept of endothelial damage by PRL-cleavage sensitive to the treatment with bromocriptine in the pathomechanism of PPCM.
Even though these data are very promising, one limitation has to be taken into account concerning EMP measurements before and after bromocriptine treatment. An intra-individual comparison of activated and apoptotic EMPs before and after treatment would certainly strengthen the data. Unfortunately, the samples available for this very first report of an effect of bromocriptine on MP composition in patients with PPCM did not provide this. Longitudinal measurements will have to be further investigated.
A further limitation of our study concerns the measurements from frozen samples. Indeed, many groups have investigated the influence of methodological aspects such as centrifugation, freezing temperature 21, 22 and time next to blood sampling and the use of buffers and isotypes. 23, 39 Within these known limits, our measurements have all been performed according to one protocol in our laboratory in terms of thawing procedure and definite time of analysis. A pre-requisite for our analyses is the stability of MPs after a freezing procedure. Tests prior to the study showed that MPs stay stable during long-term freezing between 26 and 39 days. Our findings correspond to methodological findings of other groups. 22, 23, 39 Another limitation of the present study is that a specific role of MPs is also possible and has not been characterized in depth. Microparticle formation and shedding involves changes of the structural architecture with disruption of the cytoskeleton after cell activation and apoptosis in which shear stress 40 and proinflammatory cytokines may play a role. 41, 42 Microparticles contain cytokines producing biological effects like oxidative stress 42 or vasoconstriction. 43 This study does not allow conclusions on the potential role of MP changes predicting prognosis. However, the ratio of endothelial progenitor cells and MPs was able to predict prognosis in vascular patients. 44, 45 Here, more prospective studies are needed.
In conclusion, our data provide for the first time evidence that endothelial and platelet MP changes specifically indicate PPCM and might facilitate the diagnosis of this life threatening condition thereby clearly distinguishing it from heart failure of other causes and vascular disease in the absence of heart failure or pregnancy. An early diagnosis of PCCM is essential for the initiation of lifesaving treatments like inhibition of PRL with bromocriptine, whose effect is also mirrored by the MP profile.
Finally, PPCM is known to be the most common cardiovascular cause of severe complications in pregnancy. The recently published Table 3 CD62/CD31 ratio in endothelial microparticles in patients with peripartal cardiomyopathy compared with age-matched post-partum, healthy pregnant and healthy non-pregnant women, patients with ischaemic cardiomyopathy, stable coronary artery disease age-matched healthy controls, peripartum cardiomyopathy treated with bromocriptine, and peripartum cardiomyopathy not treated with bromocriptine CD62E/CD31 Ratio SEM P-value vs. PPCM guidelines 46 have emphasized the great relevance of such guidelines on disease management in pregnancy and gave special consideration to the fact that all measures concern not only the mother, but the foetus as well. The optimum treatment of both must be targeted. Diagnostic procedures, interventions, and therapies should be performed according to the guidelines in order to save these young women and their newborn. Identification of a specific MP profile for PPCM will give the possibility not only to identify patients with PPCM as early as possible and to initiate the life-saving therapy, but also to distinguish PPCM from other cardiomyopathies. This could become important in terms being a tool not only for identification, diagnostic, and differentiation but moreover for prognostic value in heart failure diseases. 
